Many theories beyond the standard model (BSM) contain CP-odd scalars (A) and new vector-like fermions (ψV L). The couplings of the A to two standard model gauge bosons (i.e. AV V couplings) cannot occur from renormalizable operators in a CP-conserving sector, but can be induced at the quantum loop level. We compute the AV V effective couplings at the 1-loop level induced by the SM fermions and vector-like fermions, present analytical expressions for them, and plot them numerically. Using the 8 TeV Large Hadron Collider (LHC) γγ, τ + τ − and tt channel data, we derive constraints on the effective couplings of the A to standard model (SM) gauge bosons and fermions, present the gluon-fusion channel cross-sections at the 8 and 14 TeV LHC, and present the branching-ratio of the A into SM fermion and gauge-boson pairs. We present our results first model-independently, and then also for some simple models containing A and ψV L in the singlet and doublet representations of SU (2). In the doublet case, we focus on the two-Higgs-doublet (2HDM) Type-II and Type-X models.
Introduction
A long series of experiments culminating in the Large Hadron Collider (LHC) discovery of the Higgs boson at a mass of about 125 GeV have firmly established the standard model (SM) as the correct description of Nature up to an energy scale of a few hundred GeV. With this discovery, the theoretical puzzle as to why the Higgs boson remains this light when quantum effects should correct it to the highest scales present in the theory (such as the Planck scale) comes to the fore. This problem of the stability of the electroweak (EW) scale is the well known hierarchy problem of the SM. This could be a clue that some new physics beyond the standard model (BSM) is present near the EW scale which renders it stable against quantum corrections, making it natural. Many theoretical proposals have been made for this new physics (for reviews see Ref. [1] ), and they usually contain new particles at the TeV energy scale. We are poised at a very interesting time when the LHC is probing this energy scale and can tell us if one of these proposals is realized in Nature.
Among the possibilities of BSM physics that makes the EW scale natural are models in which the Higgs-doublet of the SM is a pseudo-Nambu-Goldstone boson (PNGB). Concrete realizations of this idea, for example, are in models of little-Higgs, composite-Higgs and warped extra dimensions (for reviews see Refs. [2, 3, 4] respectively). In such models, in addition to the CP-even Higgs boson, there could be CPodd scalars (denoted as A) that are also PNGBs, and therefore as "light". Also, new heavy vector-like fermions (VLF, denoted as ψ V L ) are usually required, that along with the SM fermions, complete some representation of a bigger group containing SU (2)⊗U (1) . By vector-like fermions we mean that fermions in a representation of the SM gauge-group and in its conjugate representation both appear in the theory (for more details see for example Ref. [5] ). Some supersymmetric models also include vector-like matter, and thus have A and ψ V L both present, along with many superpartners. In this work, our goal is to capture the phenomenology of CP-odd scalars in such BSM theories, allowing A to couple to vector-like fermions and to SM fermions.
calculates the loop factors for the AV V couplings in the MSSM and the 2HDM with a heavy chiral fourth generation. Ref. [24] studies A → W W, ZZ decays and compares this with the corresponding CP-even scalar decays in 2HDM-II, and also with a chiral fourth generation or additional heavy vectorlike quarks (VLQ) added. In addition to these, here we also include the effects of VLFs on A → γγ, Zγ decays. These studies are done with specific models in mind while we present the LHC limits and signal c.s. in a model-independent manner, and using these, derive results for the models we introduce and also for some of the models above.
The paper is organized as follows: In Sec. 2 we present a model-independent analysis of the CP-odd scalar A, present constraints on its effective couplings from the 8 TeV LHC run, the LHC gluon-fusion c.s., and BR into SM fermion and gauge boson decay modes. In Sec. 3 we present many simple models containing A and ψ V L as SU (2) singlets or doublets. For each of these models, we work out the 1-loop effective couplings of the A. One can read-out the current constraints and gluon-fusion c.s of the A at the LHC for each of these models in conjunction with the results in Sec. 2. The models considered include A as an SU (2) singlet, or contained in the 2HDM, with correspondingly the ψ V L also in singlet or doublet representations. We offer our conclusions in Sec. 4 . We compile the expressions for the 1-loop effective couplings and mixing angles in App. A, and for ψ V L mixing with the SM top in App. B.
Model-independent Analysis
In this section, we define an effective Lagrangian with couplings of the CP-odd scalar A to SM gauge bosons and fermions. For the A, we show the constraints from the 8 TeV LHC, signal c.s. σ at the 8 and 14 TeV LHC, and BR into various SM final states, as a function of the effective couplings and m A . For any given new physics model, one can obtain this effective Lagrangian by integrating out heavier fields, following which the results of this section can then be used to obtain the LHC limits and gluon-fusion cross-section in that model.
CP invariance requires the CP-odd scalar A coupling to SM gauge bosons to be only via higher dimensional operators. Showing only the new physics terms, the effective Lagrangian is
where κ Aij s contain fermion loop contributions, andF µν = µνστ F στ . We have defined the dimensionless effective couplings κ by pulling out a new-physics mass-scale M in the effective AV V terms. For the numerical results we show, we set M = 1 TeV from now on and show only κ, but for other values of M , the κ can easily be rescaled. Although we have defined the effective couplings κ by extracting a heavy new-physics mass scale M , SM fermion contributions are to be included when present. Eq. (1) is an effective Lagrangian at a scale just above m A . Heavy BSM fermions and the SM fermion contributions are to be included in κ before comparing with the plots we show in this section. For various simple SM extensions detailed in Sec. 3 we compute the κ's and present them in App. A. If SM fermions contribute and can go onshell, the κ are complex. In this case, the κ AV V that appear in our plots in this section should be read as |κ AV V |. We assume y Afi to be real in this work.
The CP-odd scalar can decay to SM gauge bosons or fermions. In terms of the κ and y defined above, the decay rates to different final states are
Using these expressions, one can work out the BR of the A into these final states in any new physics model. We turn next to discussing limits from the 8 TeV LHC and the gluon-fusion cross-section at 14 TeV. To obtain the limits on the effective couplings κ and y, we use upper-limits (U L) from recent LHC analyses on σ(pp → φ)× BR (φ → XX), where φ is either h or A, and the currently relevant constraints are XX = {γγ, τ + τ − , tt}. We take the limits on the γγ channel from the CMS analysis Ref.
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has an upper limit up to M φ of 850 GeV, on the τ + τ − channel from the ATLAS analysis Ref. [26] up to M φ of 1000 GeV, and from the ATLAS analysis Ref. [27] for the tt channel. Using these we constrain the effective couplings of Eq. (1) .
At the LHC, the A can be produced by gg → A (called gluon-fusion channel), which starts at the 1-loop level when A couples to colored fermions. In addition to the above production channel, if A couples to b-quarks, there are additional production channels, namely, bb → A (called bb-fusion), bg → bA and gg → bbA (called b-quark associated production) channels; how these compare with the gluon-fusion channel depends on how large the bbA coupling is in a given model. For instance, for y bA = 0.5, we find that the production rate via bb-fusion and b-quark associated production channels becomes comparable to the gluon-fusion channel with κ Agg ≈ 20. We include only the gluon-fusion channel in this study, but in models with a large bbA coupling, the bb fusion and b-quark associated production channels may have to be included, which we do not do here. For a study involving the b-quark associated production channels of the h including gg → bbh, see Ref. [32] . One can separately study the b-quark associated production channels by tagging on the final state b-jet as discussed in Ref. [26] . Although there are some LHC limits using b-tagged events to which the bb decay mode and the b-quark associated production channels contribute, we do not include them in our analysis here. So far these results have been presented for m A < 350 GeV (see Refs. [28, 29, 30] ).
Rather than compute the A production rate at the LHC ourselves, we relate it to the h production rate at the same mass, and make use of the vast literature on h production rate. Denoting φ = {A, h}, and since σ(gg → φ) ∝ Γ(φ → gg), we can write the σ * BR for A production followed by decay into the final-state XX as
We compute Γ(A → gg) and BR(A → XX) as a function of the effective couplings and apply the upperlimit U L from the 8 TeV LHC quoted above using Eq. (3). For our numerical work, we take σ(gg → h) from Ref. [31] . We assume here that the dependence on the PDF, and the acceptance at the LHC for A and h are not very different, which should be reasonable assumptions. For the decay A → XX, the final-states XX we consider are γγ, τ + τ − and tt as these are currently the significant ones. We compute the BR(A → XX) using Eq. (2). If more than one state is fairly close in mass to the A, i.e. closer than the experimental resolution to separate them (say 30 % of m A ), and no kinematic variables can separate them, we should include all of them into the σ * BR above.
In Fig. 1 we show σ(gg → A) at the 8 TeV LHC (left plot) and 14 TeV LHC (right plot) as a function of κ Agg . σ(gg → A) is obtained using Eq. (3) and the σ(gg → h) from Ref. [31] as mentioned earlier. In a given new physics model, one can compute κ Agg and then use these plots to obtain the σ(gg → A). Using the σ(gg → A), we obtain constraints from the 8 TeV LHC data as a function of the BR into a particular mode. We show this in Fig. 2 obtained from the γγ, τ + τ − and tt channels. The regions to the top and right of the curves are excluded at the 95 % CL level. In the γγ channel, the bound is strongest for m A = 200 GeV since the experimental exclusion is tightest at that mass. We see that there is no constraint from this channel for BR(A → γγ) 10 −4 for the range of κ Agg shown. From the 
− channel, we find the strongest limit for m A of about 500 GeV since the experimental exclusion is tightest at that mass. We show in Fig. 3 the total σ(gg → A) * BR(A → XX) contours (in pb) for XX = {γγ, τ + τ − , tt} at the 14 TeV LHC, making use of the fact that the total σ(gg → A → XX) ∝ κ Agg * BR(A → XX), omitting kinematical factors independent of couplings. Thus, each mode XX can be considered and presented independently of the others as we do here. The 95 % CL LHC exclusion discussed above is also shown labeled as '8 TeV'.
As already mentioned, the model-independent results presented in this section can be used to obtain the LHC constraints and gluon-fusion c.s. in any particular model by computing first the effective couplings in that model. We compute the effective couplings in many simple models next.
Models
In this section we consider some specific models for the CP-odd scalar A and study its LHC production and decays. The goal is to capture in simple models many of the features present in realistic BSM models as far as the LHC phenomenology of A is concerned. We mostly focus on the situation when m A < 2M V L and do not focus on the phenomenology due to the A decaying to a pair of on-shell VLF. We first consider the models where A is an SU (2) singlet and couples to SU (2) singlet VLF (minimal vector-like up-typesinglet or MVU model) and SU (2) doublet VLF (minimal vector-like quark doublet or MVQ model). Following this, we consider some models with and without SU (2) singlet and doublet VLFs present, and A as part of an SU (2) doublet in the 2HDM framework for Type-II (M V QD, M V QU models) and Type-X (M V QDX 11 model).
SU (2) singlet A
We consider some models with an SU (2) singlet A coupled to SU (2) singlet or doublet VLFs.
MVU model (singlet A with a singlet VLF)
We study a model with an SU (2) singlet A, and a vector-like fermion (ψ) that is an SU (2) singlet, SU (3) triplet (i.e a vector-like quark, VLQ) and has a hypercharge Y ψ .
1 Clearly, the electromagnetic charge Q = Y ψ . To the SM Lagrangian we add Fig. 5 are due to the VLFs going onshell, although as mentioned earlier, we do not explore its consequences in this work. In this model, the gluon-fusion c.s. of A is induced only through loops of the heavy VLFs due to which the 8 TeV LHC exclusion limits on σ × BR into the ZZ channel (see Ref. [33] ) or the γγ channel (see Ref.
[25]) are rather weak, unless y A becomes so large that perturbativity is lost.
If m A < m h /2 (where h is the 125 GeV Higgs), then h → AA becomes kinematically allowed and becomes a means of producing A in addition to the gluon-fusion channel discussed above. In Fig. 6 we plot BR(h → AA) for λ A = 0.1, 0.05 and 0.001. When this decay is allowed, it will contribute to the Higgs total width thereby modifying the BRs into the other channels. In particular, it will modify the signal strength µ γγ = Γ(h → γγ)/Γ SM (h → γγ), which is measured to about 10 % precision (see for example Ref.
[34]). We plot µ γγ in Fig. 6 . We thus see that the constraint on λ A from the 8 TeV LHC is of the order of 0.01 if m A < m h /2. 
MVQ model (singlet A and one doublet VLF)
We consider a BSM extension with an SU (2) singlet A, and one SU (2) doublet vector-like fermion
where the gauge interactions of the ψ are understood and are not explicitly shown. For Y ψ = 1/6 one can add the terms
, which we will not consider here as they can induce nontrivial FCNC constraints if mixing is allowed to the first two generations. We comment on the mixing to third generation SM fermions in Sec. 3.5. As in MVU model, there are no decays to a pair of SM fermions, but unlike there, in this model A → W + W − decay is also possible through the VLF loop, in addition to gg, γγ, Zγ and ZZ modes. The expressions for κ AV V are given in App. A.2. We take Y ψ = 1/6 as an example.
In Fig. 4 we plot the BR of A into γγ, Zγ, ZZ and W + W − modes. As in MVU model, the BR into gg remains almost constant at around 0.99 for m A 300 GeV. As the ψ 1 ψ 2 W coupling (g) is greater than the ψ i ψ i Z couplings (g/c W )(T 3 − Qs 2 W ), the BR into W W is larger than into ZZ. Again, for the same reasons explained in MVU model, the exclusion limits from the 8 TeV LHC in the γγ, ZZ, W W channels are rather weak in this model also.
σ(gg → A) in this model is twice of what was obtained in MVU model because there are two degenerate VLFs in the loop. The VLFs are degenerate since no Yukawa terms involving the SM Higgs can be written down that can split the masses after EWSB. Since no couplings to a pair of SM fermions exist, there are no b-quark initiated production processes possible.
CP-odd scalar A in 2HDM-II
Here, we consider a CP-odd scalar (A) as a part of a scalar doublet and find the allowed regions of parameter space from the exclusion-limit on σ(A) × BR(A → τ + τ − ) presented by ATLAS [26, 35] . We focus on the τ + τ − channel as currently this is the most constraining. We do this first in the 2HDM Type-II (2HDM-II), then add VLFs to the 2HDM-II and study the A production and BR in the presence of the VLFs.
In the 2HDM, as we will discuss more in detail below, there are two CP-even scalars (h and H) in addition to the CP-odd scalar (A). In some regions of parameter-space, m A ≈ m H , i.e. their masses are within the experimental resolution to distinguish them. If so, we must add the contributions from both A and H to any given channel; their sum is incoherent due to the different CP quantum-numbers. For instance, the experimental invariant-mass resolution in the τ + τ − channel is about 30 % (see for instance Ref. [35] ). Therefore, we consider two cases, one when m A and m H are within 30 % and add the contributions from the "degenerate" A and H, and another when they are split by more than 30 % and treat them separately. When they are degenerate, for the τ + τ − channel for instance, we have 
For the non-degenerate case, again one can make use of our results in Sec. 2 to obtain constraints either for the H or A. For the H alone, one should just read the κ Agg and BR(A → XX) as κ Hgg and BR(H → XX) respectively in Sec. 2 and obtain the c.s. and constraints. In this case, we assume that m H > m A so that the A → HZ decay is not kinematically allowed.
2HDM-II:
In the 2HDM-II we have two scalar doublets, Φ 1 with hypercharge +1/2 and Φ 2 with hypercharge −1/2. The SM Yukawa couplings and the Higgs potential are replaced by
where
In the limit when m 12 = 0, the Lagrangian has a discrete Z 2 symmetry under which
with all other fields unchanged), if the down-type right-handed fermions couple only to the Φ 1 and the up-type right-handed fermions only couple to the Φ 2 so that there are no tree-level FCNCs (see for example Ref. [36] ). Nonzero m 12 softly breaks this Z 2 symmetry. We will not consider the hard
There are eight free parameters in V . After we fix the minimum of the potential at Φ 1 = v 1 and Φ 2 = v 2 , with the constraint v
2 , the number of free parameters reduces to seven which we take to be m A , m h , m H , m H ± , tan β, α and m 2 12 , in notation that is common in the literature (see Ref. [37] ). We parametrize the scalar doublets as
with v 1 = v sin β, v 2 = v cos β. The physical mass eigenstates are: a neutral goldstone boson G 0 = η 1 cos β + η 2 sin β, a heavy scalar H = ρ 1 cos α + ρ 2 sin α, a light scalar h = −ρ 1 sin α + ρ 2 cos α, a CP-odd scalar A = −η 1 sin β + η 2 cos β, and charged scalars
The expressions of α, β in terms of the model parameters can be found, for example, in Ref. [13, 37] . It is this CP-odd scalar A that we are studying in this work.
All the effective couplings, relevant BRs and the cross sections in the 2HDM can be found in Refs. [37, 38] . We plot the BR of A into V V , τ + τ − and bb in Fig. 8 . Our results for Γ(A → γγ) and Γ(A → Zγ) match with that of the Ref. [38] . We see that the BRs into γγ and Zγ are smaller compared to that of the corresponding loop induced SM Higgs branching ratios even for tan β = 1 when the couplings of A to the SM fermions are equal to the Higgs Yukawa couplings. This is because the partial width Γ(h → γγ, γZ), being dominated by the W loop, is larger than the partial width Γ(A → γγ, γZ) in which only the fermions contribute (see for example Fig. 2 .10 of Ref. [38] ). For larger tan β the branching ratios are even smaller because of the increased Γ(A → bb) and Γ(A → τ + τ − ) (recall that the Abb and Aτ + τ − couplings are proportional to tan β). The discontinuity at m A = 2m t in the BRs in Fig. 8 for tan β = 1 is because of the onset of A → tt on-shell decay. For larger tan β, the discontinuity is smaller since the Att coupling becomes smaller. The h → AA decay, possible for m A < m h /2, is studied in Ref.
[12] and we will not discuss it here. We are interested in the case where the lighter CP-even scalar (h) is the observed 125 GeV Higgs boson. For this, the cos(α − β) ≈ 0 is the most favored region (see Fig. 18 of Ref. [12] ). Only a small range of other values of (α − β) are allowed where the sign of the down-type coupling of the Higgs is reversed. For the 2HDM with exact Z 2 symmetry (i.e. m 12 = 0), tan β has an upper limit of 7 from perturbativity constraint (see Ref. [16] ). We will work with a nonzero m 12 which allows for larger values of tan β (see Ref. [14] ). We also assume that the "alignment limit" (α − β = π/2) holds sufficiently accurately so that the h couplings are SM like to match with the properties of the observed 125 GeV state at the LHC as discussed in Ref. [11] . In this limit, the H → W W and H → ZZ decays do not give any significant constraints on the parameter space (see for example Ref. [33] ).
Using the τ + τ − channel constraints shown in Sec. 2 ( Fig. 2 ) we obtain constraints on this model. In Fig. 7 we plot the 95% confidence level constraints on the m A -tan β plane, when only A is present (left), and for m A = m H when both contribute (right). Ref. [35] has presented similar constraints in the m A -tan β plane, but for the MSSM.
In the following subsections we add various combinations of SU (2) singlet and doublet VLFs to the 2HDM-II. Our goal is to study how VLFs affect the A LHC production rate and decay BRs. As in MVU and MVQ models we do not consider here possible mixing term of the VLFs with the SM fermions, so a singlet VLF cannot couple to the Higgs doublets without the doublet VLF. We will discuss this possibility in Sec. 3.5. There are eight different ways in which the Φ 1 and the Φ 2 can couple to the VLFs consistent with the symmetries of the 2HDM-II namely Φ 1 → −Φ 1 and d R → −d R (with all other fields unchanged). Among these eight models we will discuss only three representative ones that also capture the effects in the others.
M V QD 11 model
We introduce one doublet VLQ, ψ = (ψ 1 , ψ 2 ) with hypercharge Y ψ and one singlet VLQ (χ) with hypercharge (Y ψ − 1/2) so that VLF couplings with Φ 1 are allowed. The additional Lagrangian terms to the 2HDM-II are
We can also write the termsψ L Φ C 2 χ R andψ R Φ C 2 χ L , which we do not add here but will consider them subsequently as another model. These terms are forbidden if χ → −χ under the Z 2 symmetry of 2HDM-II. The terms involving h, A and VLFs after EWSB are
Gauge interactions of the VLFs are present and not shown explicitly. ψ 2 and χ mix after EWSB, while ψ 1 is itself a mass eigenstate. We define the mass eigenstates ζ 1 and ζ 2 as where the mixing angles θ L and θ R are defined in App. A.3. In terms of these mass eigenstates, the Lagrangian in Eq. (10) can be written as
where i, j = 1, 2. We take the y 1 andỹ 1 to be real, enforcing CP invariance in the BSM sector. The relative sign between y 1 andỹ 1 in Eq. (9) is physical for the following reason. If we want to get rid of this relative sign we need to make the transformations χ L → −χ L and χ R → χ R , or χ L → χ L and χ R → −χ R . In either case, the M χ changes its sign and is therefore a physical effect. For chiral fermions, the sign of the mass term is not physical since one can rotate it away by the above transformations. Instead of the χ (with hypercharge (Y ψ −1/2)), if we consider a VLF (say ξ) of hypercharge (Y ψ +1/2), we get a different model where the ξ couples to the Φ C 1 instead of the Φ 1 . This model will have similar phenomenology as M V QD 11 model, which we discuss later.
The effective couplings for this model are given in App. A. When y 1 =ỹ 1 , in addition to CP invariance, the Lagrangian in Eq. (10) is also invariant under P and C individually, with A transforming as A P − → A, A C − → −A. This implies that the VLF contribution to κ AV V is zero since AV µνṼ µν is not P invariant (although it is CP invariant). Also, the VLF contributions are maximum for M ψ = M χ when the mixing between the VLFs (ψ 2 and χ) is maximum. We will take M ψ and M χ to be equal from now on.
In Fig. 8 , we plot BR(A → V V ), BR(A → bb, τ + τ − , tt) for Y ψ = 1/6 as an example, which is the SM quark-doublet hypercharge assignment. We see that for small values of tan β the VLF contribution to BR(A → V V ) is small compared to the 2HDM-II. This is because y ij s are proportional to sin β. For large tan β and for large m A , the VLF contributions to the BR(A → γγ) become significant. In Fig. 9 , we plot contours of κ Agg for M ψ = 800 GeV, 1700 GeV. For comparison we have also plotted the corresponding contours in 2HDM-II. Using this, one can read-off the σ(gg → A) at the 8 and 14 TeV LHC from Fig. 1 in Sec. 2. For comparison, we also show the corresponding contours in the 2HDM-II (without the VLFs). In Fig. 9 we also plot y 11 and y 11 (defined in Eq. (13)) in the alignment limit (α − β = π/2), which shows that the h couplings to the VLFs become very small as tan β increases. Thus, the VLFs can modify σ(gg → A) and Γ(A → V V ) significantly, while the h remains SM-like as required by the LHC measurements of the 125 GeV state. We find that the VLF contributions partially cancel the SM fermion contributions for a range of low tan β values and for some ranges of the m A , while for larger tan β the effective couplings always increase compared to the 2HDM-II. To illustrate this point more explicitly, we plot κ Agg as a function of tan β in Fig. 10 for m A = 300 GeV and 600 GeV. The constraint on the 2HDM was nontrivial only for large tan β (see Fig. 7 ). Therefore, for large tan β, since the κ Agg is bigger for this model compared to 2HDM (see Fig. 10 ), and the tree-level τ + τ − BR from which the tightest constraint appears is almost unchanged, the constraint on this model will be tighter. In Fig. 11 , we plot contours of κ Hgg for m A = m H , in the alignment limit. Corresponding contours in 2HDM-II are also plotted for comparison. From this, one can also obtain σ(gg → H) from Fig. 1 by reading κ Agg there as κ Hgg as mentioned earlier.
M V QU 22 model
We introduce one doublet VLQ (ψ) with hypercharge Y ψ and one singlet VLQ (ξ) with hypercharge Y ψ + 1/2, which couples only to Φ 2 . We add the following terms to the 2HDM-II Lagrangian
Here we do not include the termsψ L Φ The effective couplings for this model are given in App. A. As in M V QD 11 model, the κ AV V becomes zero when y 2 =ỹ 2 . In Fig. 12 we plot contours of κ Agg in m A -tan β plane. For large tan β VLFs have very small contribution compared to the 2HDM-II which can be seen from Fig. 13 . This is because y ij s are proportional to cos β which become small as tan β increases. Similar conclusions hold for κ Hgg . In Fig. 14 we plot κ Hgg using which one can read-off the σ(gg → H) from Fig. 1 by reading κ Agg there as κ Hgg as mentioned earlier. Since κ Agg and κ Hgg do not change much compared to the 2HDM-II, constraints on the m A -tan β plane will almost remain same as in the 2HDM-II case. Thus, VLFs if realized as in M V QU 22 model have little impact on the observables we consider here.
M V QU 12 model
We introduce one doublet VLQ (ψ) with hypercharge Y ψ and one singlet VLQ (ξ) with hypercharge (Y ψ + 1/2). We consider the case where ξ R couples only to Φ 1 and ξ L couples only to Φ 2 . To the 2HDM-II Lagrangian, we add
We get different models if instead of the couplings above, the ψ R couples to Φ C 1 and ψ L couples to Φ 2 , or, if instead of ξ we introduce a VLF singlet (say χ) with hypercharge (Y ψ − 1/2) with couplings to Φ 1 and Φ C 2 . All these models have similar phenomenology as M V QU 12 model. The effective couplings for this model are given in App. A. In this model, the effective couplings do not reduce to zero for y 1 =ỹ 1 , unlike in M V QD 11 and M V QU 22 models, as there are no additional P and C symmetries in the VLF sector. In Fig. 15 , we plot the BR(A → V V ), BR(A → bb, τ + τ − , tt) for an example choice of Y ψ = 1/6. In Fig. 16 we plot contours of κ Agg for y 1 =ỹ 1 = 1 and M ψ = M ξ = 800 GeV For low values of tan β the effective coupling increases compared to the 2HDM-II case, while for larger values of tan β the effective coupling decreases compared to the 2HDM-II. To show this more explicitly, we plot κ Agg with tan β in Fig. 17 . The decreased coupling is due to a destructive interference between the contributions from SM fermions and the VLFs. If we reverse the sign of y 1 orỹ 1 , we get the opposite effect; for low values of tan β the effective coupling decreases compared to the 2HDM-II while for larger values of tan β the effective coupling increases compared to the 2HDM-II. In Fig. 18 we plot contours of κ Hgg in the alignment limit. From this, one can also obtain σ(gg → H) from Fig. 1 by reading κ Agg there as κ Hgg as mentioned earlier.
In Fig. 19 we plot the regions of the m A -tan β parameter-space which is excluded at 95 % confidence level for two cases, when only A is present, and when A and H are degenerate and both present. For comparison, we have also plotted the corresponding limit for the 2HDM-II case. We see that the constraints are loosened compared to the 2HDM-II due to the presence of VLFs. This happens because of the reduction of κ Agg (κ Hgg ) compared to the 2HDM-II. 
CP-odd scalar A in 2HDM Type-X:
In the 2HDM Type-X Model (2HDM-X) (see Ref. [20, 37] for a description of this model) all the SM quarks couple to Φ 2 and all the leptons couple to Φ 1 . As a result, A coupling to the quarks and leptons are proportional to cot β and tan β respectively. In the Type-X model, since all SM quarks couple very weakly to A for large tan β, σ(gg → A) becomes very small for large tan β. As a consequence there are no constraints from σ(pp
The Lagrangian for the model 2HDM-X is given by
M V QDX 11 model
To the 2HDM Type-X model in Eq. (16), we introduce VLFs in a similar fashion as in M V QD 11 model as a representative case, and call it M V QDX 11 model. The other ways of coupling VLFs similar to M V QU 22 or M V QU 12 model will be qualitatively similar to our results here. We introduce a doublet VLQ ψ = (ψ 1 , ψ 2 ) with hypercharge Y ψ , and a singlet VLQ (χ) with hypercharge (Y ψ − 1/2) which couples only to Φ 1 . To the 2HDM-X Lagrangian we add
The effective couplings of A with VLFs are same as in M V QD 11 model and can be read off from App. A.1. The SM quark contribution to κ AV V for 2HDM-X can obtained from that of 2HDM-II (see Ref. [38] ) by replacing tan β with cot β in the Abb coupling. In Fig. 20 we plot BR(A → V V ) and BR(A → τ + τ − , bb, tt). We see that for tan β = 1, BR(A → γγ) and BR(A → Zγ) are similar to M V QD 11 model, as expected. For tan β = 30, BR(A → V V ) is increased compared to 2HDM-II. This is because for large tan β, Γ(A → bb) becomes much smaller in 2HDM-X.
In Fig. 21 we plot contours of κ Agg . For comparison, we also plot the corresponding contours in 2HDM-X (without VLFs). Using these plots, one can read off σ(gg → A) for 8 TeV and 14 TeV LHC from Fig. 1 in Sec. 2. As expected, for large tan β, κ Agg is significantly larger in this model compared to 2HDM-X since the VLFs contribute substantially while the SM quark contributions alone are very small. In order to show explicitly how large the change is, we plot κ Agg as a function of tan β for m A = 300 GeV and 600 GeV in Fig. 22 . The results for κ Agg , κ Hgg in 2HDM-X are also applicable for 2HDM-I as the SM quarks couple to H, A in an identical fashion as in 2HDM-X. In Fig. 23 we plot contours of κ Hgg in m A -tan β plane in the alignment limit. From this, one can also obtain σ(gg → H) from Fig. 1 by reading κ Agg there as κ Hgg as mentioned earlier. 
M V LE 11 (Model with VL-lepton)
VLLs do not contribute in gg → A, but can contribute in A → V V . We show the effect of VLLs in a simple model similar to M V QD 11 model, but with VLLs instead of VLQs. We introduce one doublet VLL (ψ) with hypercharge, Y ψ and one singlet VLL (χ) with hypercharge, Y ψ − 1/2. The Lagrangian we consider is exactly the same as in Eq. (9), except here the VLLs ψ and χ do not couple to gluons. The effective couplings are the same as for M V QD 11 model except for color factors. As an example, we choose Y ψ = −1/2 and plot BR(A → γγ) as a function of m A in Fig. 24 , with M ψ = M χ = 500 GeV, for tan β = 1 and 30. We see that the effect of VLLs is qualitatively similar to vector-like quarks; for low tan β the effect of VLLs is negligible while for large tan β and large m A VLL contributions are significant. Near m A = 1000 GeV, the VLL contribution is quite large due to them going onshell for our choice of VLL mass of 500 GeV. BR(A → Zγ) will show the same behavior.
VLF mixing with SM-fermions
In this section we will briefly discuss the effect of mixing between the SM quarks and the VLFs. Constraints on the mixing from EWPT and a t (vector-like top) decaying to W b, Zt, Ht are studied in Ref. [5, 6, 39, 40] . Constraints from flavor observables are studied in Ref. [39] . All of the studies mentioned above requires the mixing to be small. Even if we add a small mixing between t and t, κ AV V 's obtained in Sec. 3 will receive only tiny corrections. As an example, we consider a simple model in App. B, incorporating the mixing between t and t and show that this is indeed the case. 
Conclusions
Many theories beyond the standard model (BSM) contain CP-odd scalars (A) and new vector-like fermions (ψ V L ). Our goal was to study the LHC phenomenology of A when it is lighter than ψ V L and coupled to it.
In Sec. 2 we have written an effective Lagrangian with A coupled to standard model (SM) gaugebosons and fermions. We consider the situation when A couples significantly only to third generation SM fermions, namely t, b, τ , a situation common in many BSM extensions. The couplings of the A to standard model gauge bosons (i.e. AV V couplings) cannot occur from renormalizable operators in a CPconserving sector, but can be induced as loop-generated non-renormalizable operators. These operators are induced by SM fermions and also the heavy ψ V L . In Sec. 2 we present model-independent results that are useful whatever be the origin of these effective couplings. In Fig. 1 we present the 8 TeV and 14 TeV LHC gg → A (gluon-fusion channel) cross-sections as a function of the effective couplings. We also obtain limits on the effective couplings from the 8 TeV LHC data on the γγ, τ + τ − and tt modes. We do not include the bb decay mode and the b-quark associated production channels in this work.
We define some simple models in Sec. 3 that are representative of BSM constructions as far as the phenomenology of A is concerned. These models include A and ψ V L in the singlet and doublet representations of SU (2). In the doublet case, we focus on the two-Higgs-doublet (2HDM) Type-II and Type-X models. We compute the Agg and AV V effective couplings induced by the SM fermions and vector-like fermions at the 1-loop level and present analytical expressions for them in App. A. For the various models we define, we present the effective couplings κ Agg , κ AV V for V = {γ, Z}, BR(A → V V ) and BR(A → ff ) for f = {τ, b, t} as a function of the model parameters. From the κ Agg , one can see if a point in parameter-space in a given model is allowed by the 8 TeV data from our plots in Sec. 2. One can also read-off the gluon-fusion cross-section at the 8 TeV and 14 TeV LHC from Fig 1. Interestingly, for some of the 2HDM cases we studied, we find that the addition of vector-like fermions loosens the constraint compared to the 2HDM alone, and allows more of the parameter-space. This can be seen for instance in Fig. 19 . The 14 TeV LHC gluon-fusion c.s. and the BRs in the different models we present should be useful in identifying promising discovery channels for the A after including a study of the relevant backgrounds.
A Effective couplings and mixing angles
Here, we give expressions for κ AV V 's for the various models we have considered. We also provide the explicit expressions for κ ij 's and y ij 's defined in Eq. (13 
A.1 κ AV V 's in MVU model
The effective couplings κ AV V (defined in Eq. 1) for MVU model are given by
A.2 κ AV V 's in MVQ model
The effecting couplings κ AV V for MVQ model are given by
refers to Q and T 3 of ψ 1 and ψ 2 respectively.
A.3 Couplings and mass eigenvalues for M V QD 11 model
The couplings κ ij defined in Eq. 13 for M V QD 11 model and also for M V QDX 11 model are given by
The couplings y ij (in Eq. 13) are given by
The mass eigenvalues M 1,2 (in Eq. 13) are given by
and the mixing angles θ L,R are given by
A.4 Couplings and mass eigenvalues for M V QU 22 model
The couplings κ ij for M V QU 22 model are given by
The couplings y ij are given by
The mass eigenvalues are given by
. 
The couplings y ij are given by The SM top yukawa coupling is given by,
We must fix the physical top mass at 173 GeV. Also y t | physical has to be reasonably close to the SM value to make the theory consistent with the observed σ(h) × BR(h → γγ), which again reinforces the smallness of the mixing angles. Now, Att coupling in 2HDM-II is modified as,
The modification is very small when the mixing is small. The contribution to At t , Ht t coupling due to the mixing is, which are also small for small mixing. As a result the corrections to κ AV V , κ HV V , due to the mixing will be very small.
